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Highlights

Individual isolates of C. sporogenes and C. botulinum grew at pH >4.5 and NaCl £11.5%
No correlation between physiological and genetic characteristics of 42 isolates
pH and NaCl growth limits differed between vegetative cells and spores

Combined low heat treatment, pH 4.9 and NaCl 4% prevented growth
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Abstract

Group | Clostridium botulinum and Clostridium sporogenes are physiologically and genetically closely
related. Both are widely distributed in the environment and can cause foodborne botulism. In this
work, a physiological study was conducted with 37 isolates from spoiled canned food and five
referenced strains of C. sporogenes (three isolates) and Group | C. botulinum (two isolates). Growth
limits of vegetative cells were established as a function of pH and NaCl concentration in PYG modified
medium (PYGm) at 30 °C for 48 days. The heat resistance of the spores was studied for 2 min and 10
min at 102 °C and 110 °C. This physiological study (pH, NaCl growth limits and heat resistance)
allowed the selection of 14 isolates of C. sporogenes (twelve isolates) and Group | C. botulinum (two
isolates) representative of the diversity found. This panel of 14 selected isolates (11 isolated from
spoiled canned food and three reference strains), were whole genome sequenced, but no association
of physiological and genetic characteristics could be detected. Finally, we studied the ability of spores
to germinate and grow from 5 isolates (four C. sporogenes and one Group | C. botulinum), under
stress conditions generated by pH and NaCl following a low intensity heat treatment. The
accumulation of these 3 stresses creates synergies that will strongly reduce the probability of spore
growth in pH and salt conditions where they usually proliferate. The effect is progressive as the
conditions become drastic: the number of decimal reduction observed increases translating a
probability of growth which decreases. This study provides a better understanding of the behaviour
of C. sporogenes and Group | C. botulinum isolates and shows how the combination of pH, NaCl and

heat treatment can help prevent or minimise foodborne botulism outbreaks.
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1 Introduction

Strains of Clostridium botulinum Group | are widespread throughout the environment and can
enter the food chain, where they can cause foodborne botulism (due to ingestion of pre-formed
botulinum neurotoxin in contaminated food). Strains of Group | C. botulinum are able to form
strongly heat-resistant spores, which makes Group | C. botulinum the most concern pathogen in low-
acid canned food. Group | C. botulinum and Clostridium sporogenes are phylogenetically closely
related and share physiological characteristics including the high thermal resistance of their spores
and their mesophilic growth.
C. botulinum can produce highly potent neurotoxins (0.1-1 ng/kg for laboratory mice by injection but
100/1000 times less toxic by ingestion) with several different neurotoxin serotypes described (A, B, C,
D, E, F, G, HA and X). Foodborne botulism has been mainly described in home-prepared foods but can
also affect commercial products, and in the case of Group | C. botulinum with strains that produce
neurotoxin of serotypes A, B and/or F (Peck, 2009; Rasetti-Escargueil et al., 2020). For many years,
the difference between Group | C. botulinum and C. sporogenes was considered to be in the
production of botulinum toxin and C. sporogenes has often been used as a surrogate for Group | C.
botulinum. 1t was believed that Group | C. botulinum strains could produce botulinum neurotoxins,
whereas C. sporogenes strains could not. However, recent studies reveal a more complex picture.
Various approaches have been used to establish the diversity and the phylogenetic relationship
between strains of Group | C. botulinum and C. sporogenes. Comparisons of core genome single
nucleotide polymorphisms (SNP) following whole genome sequencing have shown that Group |
C. botulinum and C. sporogenes are genetically distinct (Peck, 2009; Peck and van Vliet, 2016;
Weigand et al., 2015). Brunt et al. (2020) showed the presence of type B neurotoxin genes in some C.
sporogenes strains, and botulinum neurotoxin genes were absent from some strains of Group | C.
botulinum (Brunt et al., 2020). The diversity and spread of botulinum neurotoxin genes is associated
with  horizontal transfer via mobile elements, conjugative plasmids and various

recombination/insertion events (Nawrocki et al., 2018; Peck and van Vliet, 2016).
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Group | C. botulinum strains can grow to a pH as low as pH 4.6 and above, making this value a
reference hazard target for low-acid food (Peck, 2009). Although occasional outbreaks of botulism
have been attributed to foods with a pH lower than 4.6, these foods were also contaminated with
molds, whose growth increased the pH of the food, enabling Group | C. botulinum to grow and
release toxin. Growth of Group | C. botulinum and C. sporogenes can be inhibited only at high
concentrations of sodium chloride (NaCl > 10%, i.e. aw = 0.94) or glycerol (aw > 0.93) (Peck, 2009).

The decimal reduction value at 121.1 °C (D211 °«c) of Group | C. botulinum spores is commonly taken
to be 0.21 min (Esty and Meyer, 1922). This decimal reduction time corresponds to the time required
to inactivate 90% of the initial population in bacteria. A recent meta-analysis of 23 scientific papers
(394 D-values collected) found the mean value of D111 -c to be 0.2 min, with a standard deviation of
0.11 min, and reported values up to 0.48 min at 121.1 °C (Diao et al., 2014). Spores of C. sporogenes
strains are often reported to be more heat-resistant than those of Group | C. botulinum strains, with
D121.1 °c values ranging from 0.2 to 3.5 (Basaran-Akgul, 2013; Brown et al., 2012; Diao et al., 2014).
The difference in heat resistance is partially explained by the acquisition of a second spoVA operon,
which is responsible for the transport of dipicolinic acid into the spore core during the sporulation,
increasing the heat resistance of the spores (Brunt et al., 2020; Butler et al., 2017; den Besten et al.,
2018).

Previous work indicates a broad diversity in physiological and genetic characteristics within both
species. As consumer diet shifts toward the consumption of minimally processed foods, this
physiological and genetic diversity needs to be considered to reduce the risks of botulism outbreaks.
The purpose of the present study was to seek insights: (i) into the physiological and genetic diversity
of isolates of Group | C. botulinum and C. sporogenes and (ii) into the potential synergistic interaction
of food formulation (pH and sodium chloride content) and heat treatment on the probability of spore
germination and outgrowth. The growth limits of 37 isolates of C. sporogenes and Group | C.
botulinum isolated from spoiled canned food and five reference strains (three reference strains of C.

sporogenes : PA 3679 Campden collection, IFR 81/14/1 and PA 3679 ATCC 7955 and two reference
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strains of Group | C. botulinum : Prevot 910 and 301-13 Institut Pasteur collection (Table 2) were
assessed in PYGm broth at sub-optimal temperature (30 °C) in anaerobic conditions, together with
the heat resistance of spores at 102 °C and 110 °C for 2 min and 10 min. Fourteen representative
isolates selected according to their physiological characteristics were also sequenced. This genetic
study allowed the selection of five diverse isolates (three isolates of C. sporogenes or Group | C.
botulinum and two reference strains) for further study. The ability of these isolates to grow from
vegetative cells or from heat-treated spores was assessed according to the pH and NaCl

concentration of the growth media.
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2 Materials and Methods

2.1 Bacterial strains

The isolates of Clostridium sporogenes and Clostridium botulinum used in this study are listed in
Table 1. Isolates 1-40 were food contaminant isolates, isolated from spoiled cans by the Centre
Technique pour la Conservation des Produits Agricoles (CTCPA) and identified as C. sporogenes with
16S rRNA sequencing, negative in vivo test (mice) and absence of toxin genes by PCR. The reference
strains of Group | C. botulinum were Prevot 910 (isolate 41) and 301-13 (isolate 42) (Mazuet et al.,
2016). Each isolate was stored at —80 °C in beads (Biomérieux, AES, Chemunex, Bruz, France). Cell
recovery was carried out with three beads dropped into 10 mL of peptone-yeast-glucose modified
broth (PYGm). The 10 mL tube was incubated at 37 °C for 72 h. Two successive pre-cultures in 10 mL
tubes of PYGm broth inoculated at 1% were then incubated at 30 °C for 16 h and 22 h. Anaerobiosis
was maintained by pouring paraffin into the tubes after inoculation. PYGm medium preparation
followed DSMZ protocol (DSMZ, 2020). The PYGm modified broth composition was: yeast extract (10
g/L), beef extract (5 g/L), dextrose (5 g/L), peptone (5 g/L), tryptone (5 g/L) (Biokar Diagnostics,
Allonne, France), KzHPO4 (2 g/L), resazurin (1 mg/L), Tween® 80 (1 mL/L), and 40 mL/L of salt solution
(NaHCOs, 10 g/L; NaCl, 2 g/L; K2HPO,, 1 g/L; KH,POs, 1 g/L; MgS04 7H20, 0.5 g/L; CaCl,.2H,0, 0.25 g/L)
(Sigma-Aldrich, Saint-Quentin-Fallavier, France). The PYGm broth ingredients were combined in a
final solution volume of 1 L and mixed thoroughly, boiled for 5 min, and cooled to room temperature.
L-Cysteine HCI (0.5 g/L), vitamin K1 solution and haemin solution (Sigma-Aldrich, Saint-Quentin-
Fallavier, France) were then added to the PYGm broth. The vitamin K1 solution was 0.1 g of vitamin
K1 in 20.0 mL of 95% ethanol, mixed thoroughly, sterilised by filtration, and stored at =18 °C in a
brown glass bottle. The haemin solution was composed of 50.0 mg of haemin in 1.0 mL of 1N NaOH
made up to a final volume of 100.0 mL and stored at 4 °C. Resazurin (1 mg/L) (Sigma-Aldrich, Saint-
Quentin-Fallavier, France) added to the PYGm medium is a highly sensitive colour indicator. It turns
pink in the presence of oxygen and is colourless in its absence. Finally, the PYGm broth was

distributed in 10 mL tubes and autoclaved for 15 min at 121 °C.
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The four reference strains of Group | C. botulinum were stored at -80 °C in 1 mL aliquots of trypticase
yeast extract glucose (TYG) mixed with 30% glycerol (v/v). A volume of 100 uL of aliquot added to
10 mL of TYG. The culture was incubated at 37 °C for 24 h. A second pre-culture inoculated at 1% in
10 mL tubes of TYG broth was then incubated at 37 °C for 22 h. The TYG broth composition was
trypticase (30 g/L) (Biomérieux, AES, Chemunex, Bruz, France), yeast extract (20 g/L) (Becton-
Dickinson, BD Difco, Grenoble, France), glucose (5 g/L) (Biokar Diagnostics, Allonne, France), DL-
cysteine (0.5 g/L) (Sigma-Aldrich, Saint-Quentin-Fallavier, France). The TYG broth was then
distributed in 10 mL tubes and autoclaved for 20 min at 110 °C. The oxygen was removed from the
PYGm broth and TYG broth in a water bath (JULABO GmbH, Seelbach, Germany) at 95 °C for 20 min
or by storage in an anaerobic chamber before use (90% N,, 5% H,, 5% CO,, Whitley A35 Workstation,

Don Whitley Scientific, United Kingdom).

2.2 Spore suspension

Spores were produced in modified meat liver sulphite reducer agar modified medium
(MLSRAm) supplemented with 2 g/L of yeast extract (Biokar Diagnostics, Allonne, France). An aliquot
(1 mL) of the pre-culture of vegetative cells (previously described) was inoculated on MLSRAm agar
plates. The plates were incubated under anaerobiosis in jars (Oxoid™ AnaeroGen™, Sigma-Aldrich,
Saint-Quentin-Fallavier, France) at 30 °C for 10 days. Sporulation was stopped when free spores
exceeded 95% of cells counted by phase-contrast microscopy at a magnification of 1,000 (Olympus
BX50; Olympus Optical Co., Ltd., Hamburg, Germany). Spores were harvested by pouring distilled
sterile water into the plates and scraping them in anaerobiosis conditions. Spore suspensions were
centrifuged at 6,000 x g for 10 min at 4 °C, and the spores were resuspended in 5 mL of sterile
distilled water. Spore batches were divided into 1 mL aliquots and stored at 4 °C until use. Final

concentration of the stock suspensions was 10’-10° spores/mlL.
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2.3 Measurement of the spore heat resistance

To estimate the initial (to) spore concentration, the spore suspensions were firstly heated in a
water bath at 80 °C for 10 min. For physiology experiments, the spores were heated for 2 min and 10
min at 102 °C and at 110 °C. The spore suspensions (10’—10° spores/mL) were diluted 1:10 (v/v) in
phosphate buffer pH 7.0 (Sigma-Aldrich, Saint-Quentin-Fallavier, France) before the heat treatment;
50 pL capillary tubes (Hirschmann Laborgerate, Ringcaps®, Germany) were then filled with 50 pL of
spore suspension and heat-treated in a thermostatic oil bath (JULABO GmbH, Seelbach, Germany;
LAUDA Therm 180, Roissy-Charles-de-Gaulle, France). The capillary tubes were removed from the
bath after the set time and cooled in a water/ice bath. After cleaning/disinfection with ethanol, the
tubes were broken at both ends and their contents poured into a tube containing 3 mL of tryptone
salt broth (Biokar Diagnostics, Beauvais, France). The capillary tubes were rinsed with 50 uL of
tryptone salt broth. Viable cells were counted by plating in MLSRAm. The plates were incubated
under anaerobiosis in jars (Oxoid™ AnaeroGen™, Sigma-Aldrich, Saint-Quentin-Fallavier, France) at

30 °Cfor 48 hours at 30 °C.

2.4 Study of the physiological diversity of C. sporogenes and Group | C. botulinum strains

2.4.1 Experimental design

The isolates of C. sporogenes and Group | C. botulinum were incubated in PYGm broth at
37 °C for 72 h in anaerobiosis. Two successive cultures of 100 uL of revived culture inoculated in 10
mL tubes of PYGm broth were then incubated at 30 °C for 16 h or 22 h. The vegetative cell
suspensions (100 pL) at a concentration of 10° CFU/mL were inoculated in 10 mL Hungate tubes
(Dutscher, Issy-les-Moulineaux, France) of PYGm broth adjusted to different pH values and sodium
chloride concentrations. The initial pH values used were 7.0, 5.1, 5.0, 4.9, 4.8, 4.7, 4.6, 4.5, and 4.4.
The pH of the broth was adjusted with 1N HCI. The broth was then autoclaved at 121 °C for 15 min.
The pH meter (Meterlab, Villeurbanne, France) and a Tuff-Tip™ electrode (Fisher Bioblock Scientific,

llikirch-Graffenstaden, France) were calibrated using standard buffer solutions (Merck, Darmstadt,
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Germany) at pH 4.0 and 7.0. The sodium chloride concentrations tested were 0, 5, 6, 7, 8, 9, 10, 11
and 12% (w/vol) of NaCl added to the PYGm broth before autoclaving at 121 °C for 15 min. The
calculated water activity were 0.997, 0.994, 0.988, 0.981, 0.975, 0.968, 0.962, 0.955, 0.949, 0.942,
0.935 and 0.928, for each sodium chloride concentration from 0 to 12% (w/vol) respectively. The
oxygen was removed from the PYGm broth in an anaerobic chamber (90% N,, 5% H,, 5% CO,, Whitley
A35 Workstation, Don Whitley Scientific, United Kingdom). The Hungate tubes were incubated at 30
°C for 48 days. Growth of vegetative cells was estimated by visible broth turbidity in the Hungate
tubes. Visual observations were made weekly. Three biological replicates were acquired for each

condition.

2.4.2 Statistical analysis

The turbidity of the tubes was assessed by visual inspection for all pH and sodium chloride
concentration values. The observed growth limits of pH and sodium chloride concentration were
assessed by a median value calculated between the three replicates values of observed growth or no
growth.

The heat resistance was quantified by the time needed to inactivate 90% of the cells
population, and estimated from the ratio of surviving cells after one of the four led heat treatments.
Assuming a log-linear destruction curve, this time corresponds to a decimal reduction time and
usually named D-value, was calculated as:

tr

Log 10 (11:,/_2)

Equation 1

DT=

Where Dy is the decimal reduction time (min) at the heating temperature T (102 or 110°C), tr is the
heating time (2 or 10 min) at the T temperature, No and N; are the CFU before and after heat

treatment.
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In order to compare the heat resistance of the strains, D-values were calculated at the

reference temperature (121.1 °C) using the equation 2:

((T—121.1))
Di311o¢c = Dy X 10 z

Equation 2

Where Di21.1cis the decimal reduction time at the reference temperature 121.1 °C, Dr is the decimal
reduction time at the experimental temperature T (102 °C or 110 °C), and z is the temperature
difference required to change the D-value by a factor of 10 (z = 10 °C for Group | C. botulinum)
(Bigelow, 1921; Diao et al., 2014).

Finally, we performed a principal component analysis (PCA) on the growth limit as a function of pH
and sodium chloride concentration; the heat resistance of C. sporogenes and Group | C. botulinum
spores were taken as variables. The strain isolation matrix was used for illustrative qualitative
variables. We introduced two illustrative strains, namely Group | C. botulinum strain 41 (Prevot 910)
and Group | C. botulinum strain 42 (301-13). Statistical analysis was performed using the FactoMineR

package in R software (https://cran.r-project.org/) (Lé et al., 2008).

2.5 Diversity and phylogeny of C. sporogenes and Group | C. botulinum strains and neurotoxin
production capacity

2.5.1 Genomic DNA preparation

All genomic DNA preparations and whole-genome sequencing steps were performed by an
external partner (Genoscreen, Lille, France). Genomic DNA of C. sporogenes was extracted from
culture grown in PYGm broth as described previously. DNA extraction was performed by following
Gram-positive cell lysis with a Gentra Puregene kit (Qiagen, Valencia, USA). The DNA quality was
checked by fluorometric determination with SYBR Green and qualitatively controlled by agarose gel

electrophoresis according to the manufacturer’s instructions.
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2.5.2 Whole genome sequencing

Whole genome sequence data were generated with the lllumina sequencing technology.
Fragment libraries were constructed using a Nextera XT DNA Library Prep kit (Illumina, Cambridge,
UK) according to the manufacturer’s instructions. Size selection was performed using an agarose gel
electrophoresis system (Life Technologies, Grand Island, USA) and quantitatively controlled by
fluorometric determination with SYBR Green. The pool of libraries was qualitatively and
guantitatively controlled using migration by fluorometric assay and by capillary electrophoresis on an
Agilent DNA high sensitivity chip (Agilent, Santa Clara, USA). Sequencing was generated with a 2 x

150 bp read metric on an lllumina HiSeq sequencer.

2.5.3 Genome assembly, phylogeny and bioinformatic analyses

Genome sequences were assembled de novo using Shovill version 1.0.9
(https://github.com/tseemann/shovill), with default settings for the SPAdes assembler version
3.14.1, a minimum coverage of 5x and a minimum contig size of 200 bp (Bankevich et al., 2012). The
assembly metrics were determined using Quast version 4.6.3 (Gurevich et al., 2013). lllumina FASTQ
reads. Genome assemblies were uploaded in Genbank in BioProject PRINA763108 (see
Supplementary Data Table S4). Assembly metrics and Genbank/SRA accession numbers of individual
samples are given in Supplementary Table S1.
Core genome single nucleotide polymorphisms (SNPs) were identified using ParSNP version 1.2 with
PhyPack enabled ("-x" switch). Phylogenetic trees were constructed using the built-in FastTree2
module (Treangen et al.,, 2014). The Group | C. botulinum and C. sporogenes genome sequences
included for comparison had been previously described (Brunt et al., 2020) (see Supplementary Data
Table S2). The genomes were searched for botulinum toxin genes using TBLASTN with the
representatives sequences of the A, B, C, D, E, F, G, HA, X and EBoNT/J toxins, with no toxin homologs

detected (Peck et al., 2017).
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2.6  Synergistic effect of pH and sodium chloride concentration and heat treatment on growth

limits of C. sporogenes and Group | C. botulinum strains

2.6.1 Experimental design

Suspensions of cells (vegetative cells or spores) at different physiological states were used at
concentrations of 7.92 + 0.52 log/mL (C. sporogenes isolate 1), 7.54 + 0.85 log/mL (C. sporogenes
isolate 14), 7.76 £ 0.36 log/mL (C. sporogenes isolate 17), 8.09 + 1.63 log/mL (C. sporogenes isolate
34) and 8.03 + 0.87 log/mL (Group | C. botulinum isolate 41). We used three different cellular
physiological states: vegetative cells, spores heated at 80 °C for 10 min (“spores”), and spores heat-
treated with sublethal treatment (“heat-treated spores”). For the latter, the spores were heat-
treated to obtain approximately 1 log decimal reduction. The treatments were strain-dependent: (i)
strain 1 was heat-treated at 100 °C for 1.5 min, (ii) strain 14 at 100 °C for 1.8 min, (iii) strain 17 at
100 °C for 2.3 min, (iv) strain 34 at 110 °C for 1.7 min and (v) strain 41 at 100 °C for 4 min. These
growth limits refer to growth for vegetative cells, and to germination, outgrowth and growth for
spores.

Viable cell concentration was assessed using the most probable number (MPN) method in PYGm
broth in 96-well microplates (Nest, Wuxi, China). MPN was estimated by six successive 10-fold serial
dilutions in a 96-well microplate. For each dilution, eight wells were replicated. A reduced factorial
design, including 30 combinations of 11 pH levels and 13 sodium chloride concentrations, was used
(see in supplementary data Table S6). The PYGm broth pH values were 7.0, 6.0, 5.8, 5.6, 5.4, 5.2, 5.0,
4.8,4.6,4.5, and 4.4. The sodium chloride concentrations tested were 0, 1, 2, 3,4, 5,6, 7, 8,9, 10, 11
and 12% (wt/vol) of NaCl added to PYGm broth before autoclaving at 121 °C for 15 min. The
microplates were inoculated an anaerobic chamber (90% N, 5% H,, 5% CO,, Whitley A35
Workstation, Don Whitley Scientific, United Kingdom). Then, the microplates were incubated in a bag
to obtain an anaerobic atmosphere (AnaeroGen™ Thermo Oxoid™, ThermoFisher Scientifc, Dardilly,
France) at 30 °C for 48 days. Growth of vegetative cells or germination and outgrowth of spores were

determined based on visible broth turbidity in the wells. The growth was considered as positive when
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1 out of 8 wells present growth. Observations were made weekly. The influence of pH and sodium

chloride concentrations was studied independently and in combination and replicated four times.

2.6.2 Data processing and modelling

For each combination of pH and sodium chloride concentration, the number of wells where
microbial growth was observed, was assessed in a set of serial dilutions. This allowed the
computation of the population density of cells able to grow (MPN function, Statistical Toolbox,
MATLAB R2013b, MathWorks, Natick, MA) (Fridman, 2020). Four experimental replicates were used
to calculate the mean of the observed number of decimal reductions (nons). Whenever one of the
experimental replicates was bounded by a censored value, the mean was given using the fitdistrplus
function available in the R package (https://cran.r-project.org/) (Pouillot and Delignette-Muller,
2010).
Based on this estimated density of cells able to grow, the number of decimal reductions observed
(nobs) was computed with Equation 3, as follows:

Nobs = log (NO) - log(Nobs)

Equation 3

where Ny is the concentration of vegetative cells or spores able to grow when the pH is equal to 7
and sodium chloride concentration is 0% (aw = 0.997), and Nos is the concentration of vegetative cells
or spores able to grow at the given condition. The limit of quantification is reached when only one
well is positive. Beyond this limit of detection, the result is considered as censored data.

The decimal reduction number according to the environmental conditions was derived from the
model of Boix et al., 2021 with Equation 4 (Boix et al., 2021):

npred
(0 Jifl = 1,

Equation 4



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

where nyreq is the predicted decimal reduction number of vegetative cells or heat-treated spores at
different combined pH values and sodium chloride concentrations, 7 is the gamma product derived
from the Gamma concept (Zwietering et al., 1992), and [y is the /71 value above which nprq is not
affected by pH and sodium chloride concentration. At the optimal condition, /7 = 1 and nprq = 0.
When the conditions become adverse, 1 = 0 and npreq tends towards infinity as pH, sodium chloride
concentration and their interaction approach the limit of growth for the vegetative cells and the limit
of germination, outgrowth and growth for the spores.

The product /7 is computed as followed for each condition of recovery:

IT' = yemyy X YoMy,
Equation 5

Where ycum, quantifies the impact of each environmental factor (pH, aw) and y¢ quantifies their
synergistic effect.
YcMm, is computed as follows:

YceMy

— (X - Xmax) X (X - Xmin)n
(Xopt - Xmin)n_l[(Xopt - Xmin)(X - Xopt) - (Xopt - Xmax)((n - 1) X Xopt + Xmin - nX)]

Equation 6

Where X is the variable studied (aw or pH), ay,; , Awoper Awpay? PHmin, PHopt @and pHyax are
minimum, optimum and maximum growth and germination and outgrowth values for the variables
studied (aw and pH), and n is a shape parameter which is 1 for aw and pH (Rosso et al., 1995, 1993).
The function describing the interaction between the studied factors was given by Le Marc et al.
(2001) and later modified by Augustin et al. (2005) (Augustin et al., 2005; Le Marc, 2001). y¢ is

computed as follows:
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Equation 7

where

I

AN ¢ (Xi)

Equation 8

and
pX)
[ Ko =X Y

Equation 9

Where Xiyin and Xqp are minimum and optimum growth and germination and outgrowth values for

the studied variables.

The parameters were estimated by minimizing the sum of square root error using a non-linear fitting
function (/sqgcurvefit function, Optimization Toolbox, MATLAB R2020a, MathWorks, Natick, MA). The
95% confidence intervals of the estimated parameters were computed using the confidence intervals
based on bootstrap percentiles (Efron and Tibshirani, 1993). Goodness of fit was evaluated by the
coefficient of determination (R?) and the root-mean-square error (RMSE). A value close to 1 indicates

a best fit for R2. The smaller the RMSE, the closer the model fitted the data.
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3 Results and Discussion

3.1 Study of physiological diversity of C. sporogenes and Group | C. botulinum strains

3.1.1 Minimum growth pH for C. sporogenes and Group | C. botulinum strains

The lower pH limits for the growth of vegetative cells of the 42 isolates (37 C. sporogenes/Group |
C. botulinum isolates isolated from spoiled canned food, three reference C. sporogenes strains and
two reference Group | C. botulinum strains) are presented in Table 2 and Figure 1a. The growth limits
of the 42 studied isolates ranged from pH 4.49 (C. sporogenes strain 17) to pH 5.05 (C. sporogenes
strain 32). Fifty percent of the isolates studied grew at pH 4.6. The median pH limit for growth was
pH 4.61. Among these isolates, 18 isolates (43%) grew at a pH below 4.6. A pH of 4.6 Is normally
defined as the minimum pH needed for Group | C. botulinum to grow (Peck, 2009). Several studies
have shown that the minimum pH for growth of Group | C. botulinum is between pH 4.6 and pH 4.8,
although for some strains it may far exceed pH 4.9-5.0 (Hauschild, 1993; Odlaug and Pflug, 1978;
Townsend et al., 1954). The determination of the minimum pH for growth is dependent on several
factors (growth medium, size of the inoculum...), so it is difficult to have the absolute limit of the
species but rather a range of growth and no growth. The occurrence of strains of C. sporogenes
growing at pH 4.5 raises the possibility that certain strains of C. sporogenes might form botulinum
toxin at this pH. This needs further investigation, given that in canning, the risk presented by Group |
C. botulinum is currently only considered for products with a pH above 4.6 (CTCPA and DGAL/SDSSA,

2015; FDA and GMA, 2010).

3.1.2 Maximum sodium chloride concentration for growth of C.sporogenes and Group |
C. botulinum strains

The sodium chloride (NaCl) growth limits are presented in Table 2 and Figure 1b. Most of the isolates

(98%) of this study did not grow at an NaCl concentration above 10%. The median concentration was

7.5% NaCl. No growth was observed over 5% NaCl concentration for C. sporogenes strain 32. For this

strain, the growth limit as a function of NaCl concentration could not be determined more precisely
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because only concentrations of NaCl between 5% and 12% were tested. By contrast, the
C. sporogenes strain 14 grew at 11.5% NaCl. No growth was observed at or above 12% NaCl, as
previously reported in the literature. The growth limit NaCl concentration for Group | C. botulinum
species is 10% (ANSES, 2019; Peck, 2009). The heterogeneity of growth limits as a function of NaCl
concentration observed here was consistent with the literature (Roberts and Ingram, 1973; Russell

and Gould, 2003).

3.1.3 Heat resistance of C. sporogenes and Group | C. botulinum spores

The heat resistance of 40 isolates of C. sporogenes and Group | C. botulinum spores was studied at
102 °C and 110 °C for 2 min and 10 min. To compare the heat resistance of all isolates, an
extrapolated D-value was calculated at 121.1 °C and z-value of 10 °C. The results are presented in
Table 2, and Figure 1c. C. sporogenes isolates 2 and 32 were not tested. Group | C. botulinum strains
used in this study had a heat resistance D121.1c of 0.03 min (strain 41) and 0.066 min (strain 42). The
maximum D-value at 121.1 °C was 0.50 min (C. sporogenes strain 16) with the median heat resistance
value of 0.02 min at 121.1 °C. The reference value for heat resistance of Group | C. botulinum species
is D121.1°c=0.21 min (ANSES, 2019; Esty and Meyer, 1922; FDA and GMA, 2010; Peck, 2009). None of
the Group | C. botulinum strains tested in our study reached this reference heat resistance. It is
recognised that the heat resistance of C. sporogenes spores is higher than that of Group | C
botulinum spores (Brown et al., 2012; Diao et al., 2014). Diao et al. (2014) in a meta-analysis showed
that C. sporogenes PA 3679 strain spores had an average heat resistance Diz11 °c of 1.3 min in
contrast to Group | C. botulinum, whose average heat resistance Dij11 -c was 0.2 min (Diao et al.,
2014). Spores of isolates labelled C. sporogenes strain PA 3679 (isolates 1 and 40) examined in the
present study had a lower heat resistance (D211 «c = 0.02 and 0.16 min) than measured elsewhere

(Diao et al., 2014).
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3.1.4 Correlation between physiological characteristics of C. sporogenes and Group | C.
botulinum strains

Principal component analysis (PCA) was performed on growth limit values as a function of pH, NaCl
concentration and spore heat-resistance at 121.1 °C for the C. sporogenes and Group | C. botulinum
isolates (37 isolates from spoiled canned food and five reference strains). This included two
reference Group | C. botulinum strains (strains 41 and 42, Figure 2b).

The three axes in the covariance circle represented pH, NaCl concentration and spore heat resistance
(TT) (Figure 2a). The three axes were not correlated with each other. PCA statistics showed that
dimension 1 was positively correlated with pH growth limit, and negatively correlated with the NaCl
concentration growth limit. Dimension 1 explained 46.57% of the variance of the individual profiles.
Dimension 2 was positively correlated to the spore heat resistance, and explained 36.27% of the

variance of the individual profiles.

The PCA map shows the 42 isolates of C. sporogenes and Group | C. botulinum (37 isolates isolated
from spoiled canned food and five reference strains) as a function of growth limit pH and sodium
chloride concentration (NaCl) and spore heat resistance (TT) (Figure 2b). The population fell into
three groups: (i) a heat resistant group (top), (ii) a group resistant to acid pH and high sodium
chloride concentration (bottom left) and (iii) a group that grew only at high pH and low NaCl
concentration and had low spore heat resistance (bottom right). Three isolates in particular had
opposite pH and NaCl characteristics (C. sporogenes isolates 14, 16 and 32). C. sporogenes strain 14
was acid- and NaCl-resistant; it could grow at pH 4.51 or 11.5% NaCl and had a D111 °c value of 0.139
min. C. sporogenes strain 32 was sensitive to acid and NaCl, and could grow at pH 5.05 or 5% NaCl. C.
sporogenes strain 16 was intermediate for pH and NaCl growth limits, growing at pH 4.50 and 7.5%
NaCl but was the most heat-resistant strain with an estimated D1»11 °c value of 0.50 min. There was

no link or correlation between the origin (culture collection, fish, meat, milk-based dessert, prepared
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meat meal and vegetables) and the physiological characteristics of the isolates as observed on the

PCA map.

3.2 Genetic diversity a of C. sporogenes and Group | C. botulinum strains and their neurotoxin

production ability

Eleven isolates of C. sporogenes (nine isolates isolated from spoiled canned food and two
reference strains), and three isolates of non-toxigenic Group | C. botulinum (isolated from spoiled
canned food) and one reference Group | C. botulinum strain (strain 41) were selected for a genetic
diversity study (Table 2). In this study, the production of botulinum toxin was not quantified, only the
presence of the genes allowing the production of botulinum toxin were identified by comparison of
the sequences and the reference sequences by Blast. The selection was made according to their
growth limits for pH and/or NaCl concentration and/or the heat resistance of their spores. For
example, C. sporogenes strain 17 grew at an acid pH of 4.49, C. sporogenes strain 14 grew up to a
sodium chloride concentration of 11.5%, and Group | C. botulinum strain 34 showed a high spore

heat resistance, D121.1-c= 0.25 min.

Two major lineages were identified: Group | C. botulinum and C. sporogenes. Strain 41 (Prevot 910) is
currently recognised as a Group | C. botulinum producer of type A neurotoxin (Figure 3). Among our
newly isolated isolates, three (isolates 5, 23 and 34) were initially identified as C. sporogenes strains
(based on 16S ribosomal DNA sequencing, in vivo tests on mice and toxin gene detection by PCR) and
redefined by WGS as Group | C. botulinum strains but lacking a botulinum toxin gene (using SNP
analysis and BLAST). Toxin production was not experimentally determined for the C. sporogenes
strains belonging to the Group | C. botulinum strains. Whole genome sequencing analysis provides a
powerful approach to show the phylogenetic relatedness of neurotoxin-producing and non-
neurotoxin-producing strains, and the genetic modifications and exchanges between closely related

strains. Core genome SNP typing is currently the standard method for building large phylogenetic
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trees to establish relations between strains. ParSNP performs microbial genome alignments to
identify both structural and point variations (Pightling et al., 2018; Treangen et al., 2014). The non-
toxigenic Group | C. botulinum isolates (5, 23 and 34) are closely genetically related, clustered
together and were isolated from meat. These three isolates showed high heat resistance at 121.1 °C
up to 0.25 min for strain 34, 0.21 min for strain 5 and 0.20 min for strain 23. These three isolates had
a median tolerance to sodium chloride concentration (6.5-7.5%) and a median tolerance to acid (pH
4.50-4.73).

The remaining 11 isolates were classified as belonging to the C. sporogenes species. The C.
sporogenes group was divided into two subgroups, and our C. sporogenes isolates (11 isolates) were
located in both. The phylogenetic tree showed that isolates 8 and 40 were closely related but
differed in their physiological characteristics. The strain 40 was more acidophilic and more resistant
to NaCl concentration and heat treatment (pH: 4.51, 9.50% and Di21.1 :c = 0.02 min) than strain 8 (pH
4.83, 7.50%, and D111 :c = 0.01 min). These results showed a genomic similarity but a physiological
diversity, although both isolates were isolated from plant material. By contrast, strain 1 (pH 4.50 and
8.50%) and strain 40 (pH 4.51 and 9.50%) had close physiological characteristics, although the heat
resistance of the spores of strain 1 (D121.1+c = 0.16 min) was higher than that of strain 40 (D111 «c =
0.02 min). Isolates 1 and 40 are described as versions of strain PA 3679 and are in the same group of
C. sporogenes in the phylogenetic tree, but distantly related. Originally, these isolates came from two
different collections, one from the Campden collection (strain 1) and the other from the ATCC
collection (strain 40, ATCC 7955). This divergence between these isolates may also be due to
mutations accumulated over time by successive subcultures (Treangen et al., 2014). Other studies
have reported significant heterogeneity among isolates described as PA 3679. Some isolates with a
lower spore heat resistance genetically resembled C. sporogenes, whereas other isolates with a
higher spore heat resistance genetically resembled Group | C. botulinum (Bradbury et al., 2012;

Bradshaw et al., 2010; Schill et al., 2016; Weigand et al., 2015). The two isolates described as strain
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PA 3679 (isolates 1 and 40) tested in the present study align with isolates in the C. sporogenes

grouping (Figure 3).

3.3 Synergistic effect of pH, sodium chloride concentration and heat treatment on growth limits
of C. sporogenes and Group | C. botulinum strains
Physiological and genomic studies of C. sporogenes (34 isolates from spoiled canned food and three
reference strains), non-toxigenic Group | C. botulinum (three isolates isolated from spoiled canned
food) and Group | C. botulinum (two reference strains) showed heterogeneity in growth limits as a
function of pH and NaCl concentration and as a function of spore heat resistance (although no link
was established between physiological characteristics and genetic diversity). These observations
prompted us to determine how the growth limits of vegetative cells, spores and heat-treated spores

varied as a function of pH and NaCl concentration.

Tests were carried out with five isolates of C. sporogenes or Group | C. botulinum: isolates 14 and 17
isolated from spoiled canned food, reference strain 1, strain 34 isolated from spoiled canned food,
and reference strain 41. Strain 14 (pH 4.51, 11% NaCl and D111 -c = 0.14 min) was the most salt-
tolerant and strain 17 (pH 4.49, 9.5% NaCl and Di21.1.c = 0.02 min) was the most acid-tolerant. These
two isolates were classified in the two subgroups of the species C. sporogenes. Strain 34 was included
based on the results of the genetic analysis (identified as non-toxigenic Group | C. botulinum) and the
physiological study (growth limit: pH 4.50, 7.5% NaCl and D121.1 .c = 0.25 min). The reference Group |
C. botulinum strain 41 had a medium growth limit and heat resistance (pH 4.68, 6.75% NaCl and D121.1
.= 0.03 min). Figure 4a shows the observed germination, outgrowth and growth limit as a function
of pH of C. sporogenes (isolates 1, 14 and 17) and Group | C. botulinum (isolates 34 and 41). The
status of the inoculum (vegetative cells, spores or heat-treated spores) greatly impacted the limits

for growth. These limits correspond to growth for vegetative cells and germination, outgrowth and
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growth for the spores. For vegetative cells, the growth limits were between pH 4.5 and pH 4.7
depending on the isolates, in line with the literature (pH limit of 4.6) (Peck, 2009).

The pH germination/outgrowth limits for spores that were heat-activated (80 °C, 10 min) were higher
than the growth limit of vegetative cells by 0.24 pH units (mean value). When a stronger heat
treatment was applied to C. sporogenes and Group | C. botulinum spores, the observed values of the
pH growth limits increased. Indeed, the pH increased by 0.20 units between spores and heat-treated
spores, and the pH increased by 0.40 between vegetative cells and spores heated at 100/110 °C. The
growth limits as a function of pH thus differed between species and within the same species (0.3 pH
units increase).

The limit of aw (controlled by NaCl) for growth followed the same pattern as the pH growth limit
(Figure 4b): (i) spores (activated at 80 °C for 10 min) showed a smaller interval of a, limit for
germination and outgrowth compared with the growth limits of vegetative cells (increasing by 0.007
on average), and (ii) the aw-dependent germination/outgrowth limits for heat-treated spores were
higher than for spores or vegetative cells (increasing by 0.013 on average) (see Figure 4b). Strain 17
seems to be the strain least affected by the pH or NaCl concentration on the germination and

outgrowth limits of spores. This result illustrated the variability of growth limits among isolates.

3.3.1 Assessment of the recovery probability of C. sporogenes and Group | C. botulinum

The synergistic effect of environmental factors on growth was then further investigated for
the five isolates of C. sporogenes and Group | C. botulinum (presence or absence of toxin gene). The
growth range of vegetative cells and germination and outgrowth of spores and heat-treated spores
was studied using a factorial design combining different pH values and NaCl concentrations. A total
of 30 combinations of pH (pH 4.4—6.5) and sodium chloride concentration (0-12% NaCl) were
studied. Decimal reduction number as a function of pH and NaCl concentration was modelled with
Equation 3. The lowest observed probability of growth or of germination and outgrowth was 8.22

log, which corresponds to less than one cell in a hundred million. Estimated coefficients of regression
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modelled for the probability of growth of vegetative cells and spores of C. sporogenes and Group | C.
botulinum isolates and the outcomes of variance analysis of the results are shown in Table 3 and
Figure 5. The developed model displayed a good fit with the observed data (root-mean-square error
(RMSE) values in Table 3). The parameters of the model were distant from the actual limits observed,
because pHmin and awmin values would only be determined from an infinite inoculation concentration.
It was not possible to experimentally determine these absolute values of pH and sodium chloride
concentration for high inoculation concentrations, whence insufficient data to make accurate

estimations for the low probabilities.

The growth probability of vegetative cells and the germination, outgrowth and growth probability of
heat-treated spores was established. Contour plot for the non-toxigenic Group | C. botulinum strain
34 is shown in Figure 6 as an example. The interactions between pH and sodium chloride
concentration, and so the probability of growth, are affected by these three physiological states. The
growth range of the vegetative cells was greater than that of the spores, with a boundary at pH 4.5
and 6% sodium chloride for a probability of -8 log (Figure 6a). By contrast, for spores (heat-activated
at 80 °C for 10 min), germination and outgrowth range decreased to pH 4.8 and 5% sodium chloride
(Figure 6b). Spore germination and outgrowth range decreased even more as the intensity of the
heat treatment increased (pH 5 and 3% of NaCl) (Figure 6c).

Similar results were observed for C. sporogenes strain 1 (PA 3679) and Group | C. botulinum strain 41
(Prevot 910) (see Supplementary Data Figure S1 and Figure S4). For Group | C. botulinum strain 41,
only few data were acquired for spores (activated at 80 °C) so it was not possible to fit the model.
However, the observed data also show an effect of heat treatment on the germination limits of the
spores (see Supplementary Data, Table S6). For C. sporogenes strain 14, the effect of heat treatment
was less marked than for the other isolates (Table 3). The probability of germination and outgrowth
for spores was slightly different between vegetative cells and spores (see Supplementary Data Figure

S2). For the C. sporogenes strain 17, the effect of heat treatment between spores and heat-treated
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spores was less pronounced than for the other isolates. The probability of germination and
outgrowth for the spores was not affected by the more intense heat treatment. However, the
probability of growth was different between vegetative cells and spores (see Supplementary Data
Figure S3). The effect of heat treatment on pH and sodium chloride concentration interactions and
growth probabilities depended on isolates, but the same impacts of physiological state were
observed.

Although the present dataset and derived models are extremely useful in helping to prevent the
spoilage of ambient products by C. sporogenes, we note that food safety with respect to Group |
C. botulinum will also require a demonstration that no botulinum neurotoxin is formed, as foodborne

botulism is an intoxication.

4  Conclusion

Physiological and genetic parameters of C. sporogenes isolates (34 isolates isolated from spoiled food
and three reference strains), non-toxigenic Group | C. botulinum (three isolates isolated from spoiled
food) and reference strains of Group | C. botulinum (two reference strains) were studied. The growth
limit as a function of pH and sodium chloride concentration and the spore heat resistance revealed a
strong diversity within the two species. No relationship was observed between the physiological
characteristics and the isolation matrix of the isolates. The genetic study revealed that three isolates
isolated from spoiled canned food, initially identified as C. sporogenes isolates, belonged to Group |
C. botulinum. No link was established between physiological characteristics and phylogeny. The
ability of selected isolates to grow as vegetative cells or spores was assessed according to pH and
NaCl concentration of the growth media. The process of germination of spores (germination,
outgrowth and cell division into vegetative cells) was impacted by the pH, sodium chloride
concentration and heat treatment.

One main result is the impact of pH and sodium chloride concentration on growth range, stronger for

vegetative cells than for heat-treated spores. The growth/germination limits were strain-dependent
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and acted synergistically. In addition, the accumulated data on growth limits provide a better
understanding of the behaviour of isolates, including isolates with extreme characteristics. The study
of the heterogeneity of physiological and genetic characteristics allows a better assessment of the
risks and helps prevent and/or minimise foodborne botulism outbreaks and canned food spoilage. In
addition, the pH limit of industrial processes for acid or acidified pasteurised products stored at room
temperature is currently 4.6. This pH limit is safe, based on the vegetative cell growth limits. If the
recovery limits of heat-treated spores are taken into account, the pH limit for food formulation could
be increased (e.g. 4.8-4.9). If the synergistic effect between food formulation and heat treatment on
spore recovery is taken into account, acid canned food can be formulated up to pH 5 with 4% of salt.
It is important to recognise that to ensure food safety with regard to Group | C. botulinum,
establishing the synergistic factors also helps to avert the formation of botulinum neurotoxin. This
type of synergistic action is already considered for the control of Listeria monocytogenes

(“Réglement (CE) N°2073/2005 de la Commission,” 2005).

5 Acknowledgements

This work is part of the Safood project financed by the Association Francgaise Interprofessionnel de
I'Olive (France Olive). We thank the partners for their contributions and cooperation, Jean-
Christophe Augustin (ENVa/Danone) for useful advice on the PhD committee of E. Boix. E. Boix
received PhD funding from the Association Nationale de la Recherche et de la Technologie (ANRT)

(CIFRE No. 2017/1608).

6 References
ANSES, 2019. Fiche de description de danger biologique transmissible par les aliments/ Clostridium
botulinum, Clostridium neurotoxinogénes.

Augustin, J.C., Zuliani, V., Cornu, M., Guillier, L., 2005. Growth rate and growth probability of Listeria



612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

monocytogenes in dairy, meat and seafood products in suboptimal conditions. J. Appl.
Microbiol. 99, 1019-1042. https://doi.org/10.1111/j.1365-2672.2005.02710.x

Bankevich, A., Nurk, S., Antipov, D., Gurevich, A.A., Dvorkin, M., Kulikov, A.S., Lesin, V.M., Nikolenko,
S.l.,, Pham, S., Prjibelski, A.D., Pyshkin, A. V., Sirotkin, A. V., Vyahhi, N., Tesler, G., Alekseyev,
M.A., Pevzner, P.A., 2012. SPAdes: A New Genome Assembly Algorithm and Its Applications to
Single-Cell Sequencing. J. Comput. Biol. 19, 455-477. https://doi.org/10.1089/cmb.2012.0021

Basaran-Akgul, N., 2013. Comparative study of thermal kinetics for Clostridium sporogenes PA 3679
inactivation using glass capillary tube and aluminum tube methods in carrot juice and
phosphate buffer. J. Pure Appl. Microbiol. 7, 117-124.

Bigelow, W.. D.., 1921. The Logarithmic Nature of Thermal Death Time Curves. Oxford Univ. Press 29,
528-536.

Boix, E., Couvert, O., André, S., Coroller, L., 2021. The synergic interaction between environmental
factors (pH and NaCl) and the physiological state (vegetative cells and spores) provides new
possibilities for optimizing processes to manage risk of C. sporogenes spoilage. Food Microbiol.
100, 103832. https://doi.org/10.1016/j.fm.2021.103832

Bradbury, M., Greenfield, P., Midgley, D., Li, D., Tran-Dinh, N., Vriesekoop, F., Brown, J.L., 2012. Draft
genome sequence of Clostridium sporogenes PA 3679, the common nontoxigenic surrogate for
proteolytic Clostridium botulinum. J. Bacteriol. 194, 1631-2. https://doi.org/10.1128/JB.06765-
11

Bradshaw, M., Marshall, K.M., Heap, J.T., Tepp, W.H., Minton, N.P., Johnson, E.A., 2010. Construction
of a Nontoxigenic Clostridium botulinum Strain for Food Challenge Studies. Appl. Environ.
Microbiol. 76, 387-393. https://doi.org/10.1128/AEM.02005-09

Brown, J.L., Tran-Dinh, N., Chapman, B., 2012. Clostridium sporogenes PA 3679 and Its Uses in the
Derivation of Thermal Processing Schedules for Low-Acid Shelf-Stable Foods and as a Research
Model for Proteolytic Clostridium  botulinum. J. Food Prot. 75, 779-792.

https://doi.org/10.4315/0362-028X.JFP-11-391



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Brunt, J., van Vliet, A.H.M., Carter, A.T., Stringer, S.C., Amar, C., Grant, K.A., Godbole, G., Peck, M.W.,
2020. Diversity of the Genomes and Neurotoxins of Strains of Clostridium botulinum Group |
and Clostridium sporogenes Associated with Foodborne, Infant and Wound Botulism. Toxins
(Basel). 12, 586. https://doi.org/10.3390/toxins12090586

Butler, R.R., Schill, K.M., Wang, Y., Pombert, J.F., 2017. Genetic characterization of the exceptionally
high heat resistance of the non-toxic surrogate Clostridium sporogenes PA 3679. Front.
Microbiol. 8, 1-11. https://doi.org/10.3389/fmicb.2017.00545

CTCPA, DGAL/SDSSA, 2015. Note conjointe de la DGCCRF et de la DGAL relative aux conditions
hygiéniques et sanitaires de production et de mise sur le marché de produits végétaux ou
animaux appertisés (produits a base de viande et produits de la péche) et aux modalités de
controle.

den Besten, H.M.W., Wells-Bennik, M.H.J., Zwietering, M.H., 2018. Natural Diversity in Heat
Resistance of Bacteria and Bacterial Spores: Impact on Food Safety and Quality. Annu. Rev.
Food Sci. Technol. 9, 383—410. https://doi.org/10.1146/annurev-food-030117-012808

Diao, M.M., André, S., Membré, J.M., 2014. Meta-analysis of D-values of proteolytic clostridium
botulinum and its surrogate strain Clostridium sporogenes PA 3679. Int. J. Food Microbiol. 174,
23-30. https://doi.org/10.1016/j.ijffoodmicro.2013.12.029

DSMZ, 2020. DSMZ 104. PYG Medium (modified) [WWW  Document]. URL
https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium104.pdf

Efron, B., Tibshirani, R.J., 1993. An introduction to the bootstrap. Monograph. New York, NY.

Esty, J.R., Meyer, K.F., 1922. The heat resistance of the spores of B. botulinus and allied anaerobes.
XI. J. Infect. Dis. 31, 650-663. https://doi.org/10.1093/infdis/31.6.650

FDA, GMA, 2010. Draft Guidance for Industry: Acidified Foods.

Fridman, O., 2020. Most Probable Number (MPN) [WWW Document]. MATLAB Cent. File Exch. URL
https://www.mathworks.com/matlabcentral/fileexchange/22545-most-probable-number-mpn

Gurevich, A., Saveliev, V., Vyahhi, N., Tesler, G., 2013. QUAST: Quality assessment tool for genome



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

assemblies. Bioinformatics 29, 1072—1075. https://doi.org/10.1093/bioinformatics/btt086

Hauschild, A.H.W., 1993. Clostridium Botulinum : Ecology and Control in Foods Food Science and
Technology (Marcel Dekker, Inc.) ; 54. CRC Press.

Le Marc, Y., 2001. Développement d’'un modele modulaire décrivant I'effet des interaction entre les
facteurs environnementaux sur les aptitutdes de croissance de Listeria. Université de Bretagne
Occidentale.

Lé, S., Josse, J., Husson, F., 2008. FactoMineR : An R Package for Multivariate Analysis. J. Stat. Softw.
25, 1-18. https://doi.org/10.18637/jss.v025.i01

Mazuet, C., Legeay, C., Sautereau, J., Ma, L., Bouchier, C., Bouvet, P., Popoff, M.R., 2016. Diversity of
group i and Il clostridium botulinum strains from France including recently identified subtypes.
Genome Biol. Evol. 8, 1643-1660. https://doi.org/10.1093/gbe/evw101

Nawrocki, E.M., Bradshaw, M., Johnson, E.A., 2018. Botulinum neurotoxin — encoding plasmids can
be conjugatively transferred to diverse clostridial strains. Sci. Rep. 1-11.
https://doi.org/10.1038/s41598-018-21342-9

Odlaug, T.E., Pflug, I1.J., 1978. Clostridium botulinum and Acid Foods. J. Food Prot. 41, 566-573.
https://doi.org/10.4315/0362-028X-41.7.566

Peck, M., Smith, T., Anniballi, F., Austin, J., Bano, L., Bradshaw, M., Cuervo, P., Cheng, L., Derman, Y.,
Dorner, B., Fisher, A., Hill, K., Kalb, S., Korkeala, H., Lindstrém, M., Lista, F., Liquez, C., Mazuet,
C., Pirazzini, M., Popoff, M., Rossetto, O., Rummel, A., Sesardic, D., Singh, B., Stringer, S., 2017.
Historical Perspectives and Guidelines for Botulinum Neurotoxin Subtype Nomenclature. Toxins
(Basel). 9, 38. https://doi.org/10.3390/toxins9010038

Peck, M.W., 2009. Biology and Genomic Analysis of Clostridium botulinum, Advances in Microbial
Physiology. Elsevier. https://doi.org/10.1016/50065-2911(09)05503-9

Peck, M.W., van Vliet, A.H., 2016. Impact of Clostridium botulinum genomic diversity on food safety.
Curr. Opin. Food Sci. 10, 52-59. https://doi.org/10.1016/j.cofs.2016.09.006

Pightling, A.W., Pettengill, J.B., Luo, Y., Baugher, J.D., Rand, H., Strain, E., 2018. Interpreting whole-



690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

genome sequence analyses of foodborne bacteria for regulatory applications and outbreak
investigations. Front. Microbiol. 9, 1-13. https://doi.org/10.3389/fmicb.2018.01482

Pouillot, R., Delignette-Muller, M.L., 2010. Evaluating variability and uncertainty separately in
microbial quantitative risk assessment using two R packages. Int. J. Food Microbiol. 142, 330—-
340. https://doi.org/10.1016/j.ijffoodmicro.2010.07.011

Rasetti-Escargueil, C., Lemichez, E., Popoff, M.R., 2020. Public Health Risk Associated with Botulism as
Foodborne Zoonoses. Toxins (Basel). 12, 17. https://doi.org/10.3390/toxins12010017

Réglement (CE) N°2073/2005 de la Commission [WWW Document], 2005. . J. Off. I'Union Eur. URL
http://eur-lex.europa.eu/legal-content/FR/TXT/PDF/?uri=CELEX:32005R2073&from=FR

Roberts, T.A., Ingram, M., 1973. Inhibition of growth of Cl. botulinum at different pH values by
sodium chloride and sodium nitrite. Int. J. Food Sci. Technol. 8, 467-475.
https://doi.org/10.1111/j.1365-2621.1973.tb01734.x

Rosso, L., Lobry, J.R., Bajard, S., Flandrois, J.P., 1995. Convenient Model To Describe the Combined
Effects of Temperature and pH on Microbial Growth. Appl. Environ. Microbiol. 61, 610-616.
https://doi.org/10.1128/AEM.61.2.610-616.1995

Rosso, L., Lobry, J.R., Flandrois, J.P., 1993. An Unexpected Correlation between Cardinal
Temperatures of Microbial Growth Highlighted by a New Model. J. Theor. Biol. 162, 447-463.
https://doi.org/10.1006/jtbi.1993.1099

Russell, N.J., Gould, G.W., 2003. Food Preservatives, Kluwer Academic/Plenum Publishers, New York.
Springer US, Boston, MA. https://doi.org/10.1007/978-0-387-30042-9

Schill, K.M., Wang, Y., Butler, R.R., Pombert, J.-F., Reddy, N.R., Skinner, G.E., Larkin, J.W., 2016.
Genetic diversity of Clostridium sporogenes PA 3679 isolates obtained from different sources as
resolved by pulsed-field gel electrophoresis and high-throughput sequencing. Appl. Environ.
Microbiol. 82, 384-393. https://doi.org/10.1128/AEM.02616-15

Townsend, C.T., Yee, L., Mercer, W.A., 1954. Inhibition of the growth of Clostridium botulinum by

acidification. J. Food Sci. 19, 536-542. https://doi.org/10.1111/j.1365-2621.1954.tb17486.x



716

717

718

719

720

721

722

723

724

725

726

Treangen, T.J., Ondov, B.D., Koren, S., Phillippy, A.M., 2014. The Harvest suite for rapid core-genome
alignment and visualization of thousands of intraspecific microbial genomes. Genome Biol. 15,
524. https://doi.org/10.1186/s13059-014-0524-x

Weigand, M.R., Pena-Gonzalez, A., Shirey, T.B., Broeker, R.G., Ishag, M.K., Konstantinidis, K.T.,
Raphael, B.H., 2015. Implications of genome-based discrimination between Clostridium
botulinum group | and Clostridium sporogenes strains for bacterial taxonomy. Appl. Environ.
Microbiol. 81, 5420-5429. https://doi.org/10.1128/AEM.01159-15

Zwietering, M.H., Wijtzes, T., De Wit, J.C., Van't Riet, K., 1992. A Decision Support System for

Prediction of the Microbial Spoilage in Foods. J. Food Prot. 55, 973-979.



[ER

a)

5.10
5.00
4,90
4.80
4.70
4.60
4.50

Observed growth limit pH

4.40
430
4.20

b)

Observed growth limit NaCl (%

NacCl)

12.00

10.00

8.00

6.00

4.00

2.00

0.00

c)

0.60

0.50 °

0.40

0.30

D131 «c (Min)

0.20

0.10

0.00

Figure 1. Boxplots of (a) observed growth limit pH, (b) observed growth limit sodium chloride

concentration and (c) D-value calculated at 121 °C of 42 strains. The median observed growth limit

and D-value were pH 4.61, 7.5% NaCl and 0.021 min at 121.1 °C.
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Figure 2. (a) Principal component analysis (PCA) correlation circle for growth limit as a function of pH and sodium chloride concentration (NaCl) and heat

resistance (TT) of spores of 42 C. sporogenes and Group | C. botulinum isolates (at 121.1 °C). The correlation circle between the growth limits according to

the three physiological characteristics represented by the arrows. The variability of the strains is explained by 47% according to the growth limits in NaCl,

35% according to the heat resistance of the spores and 18% according to the growth limits in pH. The arrangement of each arrow then indicates that the

factors pH, NaCl concentration and heat treatment are independent. (b) PCA map for C. sporogenes isolates and Group | C. botulinum strains. Each



10  number corresponds to the strain number. Each shape corresponds to the source of isolation of each strain (see legend). The individuals on the bottom

11 left are halophilic strains, the individuals on the top right have high heat resistance and the individuals on the bottom right are acid sensitive strains.
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Figure 3. Phylogeny of genomes of Group | C. botulinum and C. sporogenes based on the phylogeny
tree of Brunt (Brunt et al.,, 2020). The phylogenetic tree was created by comparing core single
nucleotide polymorphisms (SNP) identified using the ParSNP program. Treegraph v2, MEGA7 and

Figtree were used to annotate and visualise the phylogenetic tree. The distance 0.10 represents



the nucleotide substitution number per site for a given branch, based on the number of SNPs
found in the core genome. Isolates 5, 23 and 34 are in the Group | C. botulinum clade and the other
isolates are in the C. sporogenes clade (new frame). The underlined isolates (41, 34, 1, 14 and 17)
were selected to assess their growth potential in conditions combining suboptimal levels of
environmental factors. Black circles indicate collection strains, cross isolates isolated in meat,
diamonds isolates isolated in vegetables, triangles isolates isolated in fish and empty squares
isolates isolated in prepared meat meals (Table 1). NT: toxin genes. FB: isolates isolated from

foodborne botulism incidents.
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Figure 5. Comparison between observed (nqs) and predicted (nyred) decimal reduction numbers of
C. sporogenes (isolates 1, 14 and 17) and non-toxigenic Group | C. botulinum (strain 34) and Group |

C. botulinum (strain 41)
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Table 1. List of C. sporogenes isolates and Group | C. botulinum strains used in this study.

|s1tt::1lzer Species Toxin genes (toxin type) Isolation year Origin

1 C. sporogenes? No 1927 Collection

2 C. sporogenes? No Unknown Collection

3 C. sporogenes No 2016 Milk-based dessert

4 C. sporogenes No 2010 Meat

5 C. botulinum? No 2010 Meat

6 C. sporogenes No 2010 Meat

7 C. sporogenes No 2010 Meat

8 C. sporogenes No 2001 Vegetables

9 C. sporogenes No 2002 Vegetables
10 C. sporogenes No 2005 Vegetables
11 C. sporogenes No 2015 Prepared meat meal
12 C. sporogenes No 2006 Prepared meat meal
13 C. sporogenes No 2007 Fish product
14 C. sporogenes No 2006 Fish product
15 C. sporogenes No 2001 Meat
16 C. sporogenes No 2006 Prepared meat meal
17 C. sporogenes No 2008 Prepared meat meal
18 C. sporogenes No 2009 Prepared meat meal
19 C. sporogenes No 2010 Prepared meat meal
20 C. sporogenes No 2010 Prepared meat meal
21 C. sporogenes No 2011 Prepared meat meal
22 C. sporogenes No 2011 Meat
23 C. botulinum? No 2011 Meat
24 C. sporogenes No 2012 Prepared meat meal
25 C. sporogenes No 2012 Meat
26 C. sporogenes No 2013 Prepared meat meal
27 C. sporogenes No 2013 Prepared meat meal
28 C. sporogenes No 2013 Prepared meat meal



29 C. sporogenes No 2013 Prepared meat meal

30 C. sporogenes No 2013 Prepared meat meal
31 C. sporogenes No 2014 Prepared meat meal
32 C. sporogenes No 2014 Meat

33 C. sporogenes No 2015 Prepared meat meal
34 C. botulinum? No 2011 Prepared meat meal
35 C. sporogenes No 2006 Prepared meat meal
36 C. sporogenes No 2006 Prepared meat meal
37 C. sporogenes No 2008 Prepared meat meal
38 C. sporogenes No 2006 Meat

39 C. sporogenes No 2005 Prepared meat meal
40 C. sporogenes’ No 1927 Collection

41 C. botulinum? Yes (A1) 1953 Collection

42 C. botulinum? Yes (A2) 2013 Collection

! Strain 1: PA 3679 Campden collection; strain 2: IFR BL 81/14/1; strain 40: PA 3679 ATCC 7955; strain 41: Prevot 910 Institute Pasteur collection; strain 42:
301-13 Institute Pasteur collection (Mazuet et al., 2016); 2 Renamed non-toxigenic Group | C. botulinum instead of C. sporogenes after whole genome

sequencing analysis (section 3.2).



Table 2. Growth limits as a function of pH and sodium chloride concentration and D-value at 121.1 °C of 42 strains of C. sporogenes and Group | C.

botulinum
Strain Species Observed growth limit  Observed growth limit sodium Calculated D-value at 121.1 °C
number P pH chloride concentration (% NaCl) (min)
1 C. sporogenes®** 4.50 8.5 0.16
2 C. sporogenes* 4.60 6.5 ND*
3 C. sporogenes 4.67 8.5 0.01
4 C. sporogenes 4.50 7.5 0.15
5 C. botulinum*3 4.70 7.5 0.21
6 C. sporogenes 4,76 7.5 0.02
7 C. sporogenes® 4.89 6.5 0.05
8 C. sporogenes® 4.83 7.5 0.01
9 C. sporogenes 4.60 6.5 0.01
10 C. sporogenes 4.50 7.5 0.01
11 C. sporogenes 4.55 7.5 0.02
12 C. sporogenes® 4.69 8.5 0.01
13 C. sporogenes 4.73 8.5 0.02
14 C. sporogenes>* 4,51 11.5 0.14
15 C. sporogenes 4.61 8.5 0.01
16 C. sporogenes 4.50 7.5 0.50
17 C. sporogenes>* 4.49 9.5 0.02
18 C. sporogenes 4,54 7.5 0.07
19 C. sporogenes 4.66 6.5 0.26
20 C. sporogenes® 4,51 7.5 0.02
21 C. sporogenes 4.56 7.5 0.04
22 C. sporogenes® 4.65 5.5 0.01
23 C. botulinum*3 4.73 6.5 0.19



24 C. sporogenes 4.52 7.5 0.02

25 C. sporogenes 4,51 7.5 0.23
26 C. sporogenes® 4.71 6.5 <0.01
27 C. sporogenes 4.66 8.5 <0.01
28 C. sporogenes® 4.51 7.5 0.13
29 C. sporogenes 473 9.0 0.02
30 C. sporogenes 4.85 8.5 0.01
31 C. sporogenes 4.50 7.0 0.15
32 C. sporogenes 5.05 5.0 ND*
33 C. sporogenes 4.66 7.5 0.01
34 C. botulinum®3* 4.50 7.5 0.25
35 C. sporogenes 4.50 8.5 0.02
36 C. sporogenes 471 7.5 0.02
37 C. sporogenes 4,57 7.5 0.01
38 C. sporogenes 4.70 6.5 0.01
39 C. sporogenes 4.60 7.5 0.02
40 C. sporogenes'? 4.51 9.5 0.02
41 C. botulinum*** 4.68 6.75 0.03
42 C. botulinum* 4.68 6.75 0.07

LStrain 1: PA 3679 Campden collection; strain 2: IFR BL 81/14/1; strain 40: PA 3679 ATCC 7955; strain 41: Prevot 910 Institut Pasteur collection; strain 42:
301-13 Institut Pasteur collection; Renamed C. sporogenes as non-toxigenic Group | C. botulinum after whole genome sequencing analysis (this study,
Section 3.2); 3 Isolates selected for the genetic study (results in Section 3.2); # Isolates selected to assess their growth potential in conditions combining

suboptimal levels of environmental factors (results in Section 3.3); *ND: not determined



Table 3. Estimation of the parameters of the probability model (Equation 3) for C. sporogenes (Isolates 1, 14 and 17) and Group | C. botulinum (Isolates 34

and 41)

. Non-toxigenic .
Species C. sporogenes Group I C. bftulinum Group | C. botulinum
Strain Strain 12 Strain 14° Strain 173 Strain 34° Strain 412

Spores Spores Spores Spores Spores

Physiological Vegetative 80°C 100°C Vegetative 80°C 100°C Vegetative 80°C 100°C Vegetative 80°C 110°C Vegetative 80°C 100°C 4
state cells 19 1..5 cells 19 1._8 cells 19 1._7 cells 19 1.4.16 cells 19 min

min min min min min min min min min
PHmin 4.01 4.79 5.13 4.46 4.67 4.96 4.36 4.58 4.76 4.19 4.58 4.81 4.40 ND 5.25
Cl lower?! 3.77 4.70 4.96 4.37 4.33 491 4.27 4.44 4.64 3.75 4.43 4.73 4.26 ND 5.20
Cl upper?! 4.14 4.89 5.25 4.52 4.80 4.98 4.41 4.61 4.82 4.41 4.64 4.85 4.50 ND 5.29
Awmin 0.944 0.951 0.966 0.950 0.960 0.968 0.958 0.957 0.967 0.956 0.964 0.973 0.947 ND 0.962
Cl lower?! 0.936 0.932 0.961 0.945 0.959 0.706 0.955 0.952 0.945 0.951 0.936 0.972 0.932 ND 0.576
Cl upper?! 0.948 0.957 0.969 0.952 0.961 0.976 0.959 0.959 0.972 0.960 0.971 0.974 0.949 ND 0.973
Z':t':ber of 50 24 12 20 15 10 21 17 14 18 14 13 20 18 11
a 10
Mo 0.937
R? 0.71
RMSE 0.014

1Cl corresponding to 95% confidence intervals; 2 Strain 1 is C. sporogenes reference strain (PA 3679) and Strain 41 is Group | C. botulinum reference strain

(Prevot 910); 3Isolates 14 and 17 are C. sporogenes isolates and strain 34 is non-toxigenic Group | C. botulinum isolated from spoiled food.





